Catalysis, as the key to minimize the energy requirement and environmental impact of today's chemical industry, plays a vital role in many fields directly related to our daily life and economy, including energy generation, environment control, manufacture of chemicals, medicine synthesis and etc. Rational design and fabrication of highly efficient catalysts have become the ultimate goal of today's catalysis research. For the purpose of handling and product separation, heterogeneous catalysts are highly preferred for industrial applications and a large part of which are the composites of transition metal nanoparticles (TM NPs). With the fast development of nano-science and nano-technology and assisted with theoretical investigations, basic understanding on tailoring the electronic structure of these nano-composites has been gained, mainly by precise control of the composition, morphology, interfacial structure and electronic states. With the rise of graphene, chemical routes to prepare graphene were developed and various graphene based composites were fabricated. Transition metal nanoparticle-reduced graphene oxide (TM-rGO) composites have attracted considerable attention, because of their intriguing catalytic performance which have been extensively explored for energy-and environment-related applications to date. This review summarizes our recent experimental and theoretical efforts on understanding the superior catalytic performance of subnanosized TM NPs -rGO composites.
Tailoring catalysts and catalytic processes have long been the 'Holy Grail' of catalytic chemistry. The key elementary steps of catalytic reactions, such as the adsorption of reactants, the diffusion of intermediates and the desorption of products, all involve bond formation and dissociation and are associated with electron transfer among the catalyst and the adsorbed reaction species. According to the frontier molecular orbital theory, the strength of the bonding of reactants onto catalyst surfaces is closely related to the symmetry and occupation of the orbitals of reactants, and is strongly correlated with the difference in the energy levels of the reactants and those of the catalyst. Norskov and coworkers extended this idea to periodic transition metal systems and introduced the d-band center theory based on a large body of experimental and theoretical results, which emphasizes that the density of TM-d states around the Fermi level is an important factor affecting catalytic reactions. 1 To this end, controlled modulation of the spatial and energy distribution of the catalyst states would be a feasible way to lower the energy barriers and facilitate the adsorption and subsequent bonding evolution between reactants over the catalyst on the specific reaction paths to achieve high reactivity and so as the product selectivity.
The conventional methods to influence and adjust the electronic structure of a catalyst are to develop interactions and charge transfer among the primary catalytic composition with various additives. Alloying and doping are typical methods of this type. Alloying among TM elements will develop d-d bonding and shift the TM valence states to the desired energy levels to facilitate the adsorption and evolution of the reactants. For composites of TMs, the interactions at the TMsubstrate interface can also induce charge transfer that in turn alter the electronic structure of the TM NPs to exhibit superior catalytic performance as compared with the mother materials.
With the emerging and development of ultra-vacuum and imaging technologies, people come to realize that the anisotropy in atomic stacking and interaction with surrounding atoms can significantly change the distribution of valence electrons of TM atoms, so that even different faces of the same TM crystal can exhibit dramatically different reactivity and stability. The crystal faces that a TM NP will present are mainly determined by the surface free energy, and is directly related to the environment in which the NP is synthesized and utilized. For supported TM NP, the interaction at the TM-substrate interface also contributes to the surface free energy and functions as a variant in determine the morphology and so as the reactivity of TM NP composites.
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The size of the deposited TM NPs has long been recognized as a determinant for the catalytic performance. For decades, quantum-size effects (QSE) have dominated the study of nanoscience, especially the structural stability and electronic properties of nanomaterials. [3] [4] [5] [6] [7] [8] [9] The physics of the QSE is rather straightforward, namely, the finite size of a system causes a quantization of the kinetic energy, which manifests itself as distinct peaks in the density of states (DOS) or discrete quantized states. The formation and the existence of the quantized states, known as quantum well states on atomically flat metal ultrathin films at different thicknesses, have been identified and probed by using photoemission spectroscopy, 10 density functional theory calculations, [11] [12] and scanning tunneling spectroscopy. 13 Due to QSE, the energy levels of those quantized states is dependent on the finite size of the NPs, may lead to different matching between the catalyst states and the reactants. However, due to the localized nature of TM-d states, the electronic structure of TM NPs converge much faster to the bulk as compared with NPs of sp-metals and the impact of QSE on the electronic structure of TM NPs would be less significant as exemplified by the DFT calculation on CO adsorption on Pt NP of various size. The undercoordinated TM atoms standing at the edges, corners or TM-substrate interface of NPs would act as reaction centers and the wide observed size effect in catalytic performance of composites of TM NPs can be associated with the amount of exposed reaction centers. 14 In most composites of TM NPs for catalytic applications, the mass-averaged catalytic efficiency of TM is still low as compared with those of the homogeneous counterparts, because merely the surface sites are catalytic active and they contribute only a small percentage to the total usage of TM.
Given the high price and limited resources of TMs, improving the mass-averaged catalytic efficiency in heterogeneous TM-based catalysts while keeping or even prompting the catalytic performance is of great significance and highly desired. Downsizing the TM NPs to sub-nano scale or single atoms that are catalytic active would be a feasible way to achieve a higher density of active sites for catalytic reactions and to improve the mass-averaged catalytic performance of TMs.
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The support also plays a critical role in the catalytic performance of a heterogeneous catalyst. 16 Without surface states or defects, the Fermi level of a typical semiconductor/insulator lies inside the band gap and the density of states around the Fermi level is zero. The TM NPs deposited will be less influenced by the support and demonstrated the intrinsic characteristics of a 0-Dimentional structure. On other support materials, if the matching between spatial and energy distribution of the TM NP states and those of the support is poor, the interaction at the TMsupport interface would not be plausible. But barriers will be formed at the TM-support interface and the TM-environment interface and the states of the TM NP will be modulated by these barriers and get quantized. Therefore, varying the size of NPs may, to some extent, adjust the energy level of the quantized states and promote the reactivity. 12, 17 In fact, there are always surface states, heteroatoms, dangling bonds or defects on the surface of the support. If plausible interaction can be formed at the TM-support interface, the TM atoms at the interface will be further hybridized and even interfacial alloying can be induced. This may induce further reorganization the charge distribution and bonding scheme within the NP. Alloying is an important effect in heterogeneous catalysis that can not only alter the electronic structure of the NPs, but also the atomic stacking at the interface as the size of atoms always vary with elements. [18] [19] [20] As the atomic stacking is confined and distorted at the interface to satisfy the requirement for epitaxial growth, the accumulation and release of the tension at the interface would also affect the morphology and electronic structure of the NPs and the adsorption and evolution of reactants on them. When the size of TM NPs goes down, the impact of NP support interfacial interaction would become more apparent. Depending on the interfacial structure, [21] [22] [23] the bonding between TM atoms and the support, [23] [24] [25] this interaction would introduce strains at the interface, cause the energy and spatial redistribution of the TM states and thus change the performance of the resulting catalysts. [26] [27] The interfacial interaction may also help to effectively stabilize the tiny TM NPs or atoms and prohibit them from sintering under realistic reaction conditions, which are the key challenges for implementation of monodispersed ultrafine TM catalysts for practical applications. [28] [29] In this sense, a careful screening of the metal support interactions would be necessary to rationalize the design of mono-dispersed ultrafine TM NPs or single TM atoms as efficient catalyst for a specific reaction.
As a unique two-dimensional carbon material, graphene has been predicted to be an excellent support for dispersion of transition metal nanoparticle (TM NP) catalysts, due to its large surface area, outstanding electronic and thermal conductivity, as well as the high mechanical strength and potentially low production cost. [30] [31] [32] The graphene samples used as support materials for catalytic applications are commonly synthesized by oxidative exfoliation of graphite, followed by reduction and the product is called rGO. 33 Depending on the conditions of exfoliation and subsequent reduction, 34 the reported surface area of rGO is 600-900 m 2 g -1 , which is already comparable with or even higher than that of bundle of carbon nanotube (CNT) grown by chemical vapour deposition 35 or mesoporous carbon 36 and can be further increased by introduction of various defects. 37 Unlike pristine graphene, where the TM atoms diffuse fast resulting in the renowned problem of particle aggregation and sintering, rGO has abundant types of defects, such as vacancies, stacking faults, domain boundaries, etc, that will act as anchor points for the nucleation and growth of TM NPs. 34, [38] [39] [40] [41] [42] [43] [44] [45] With the help of high resolution transmission electron microscope (TEM), Gomez-Navarro et al. identified the presence of various types of defects in rGO samples synthesized with Hummers method, 33 including clustered pentagons and heptagons, vacancies, edges and contaminations. 46 Theoretically, Wang et al. also showed that electron beam irradiation can serve as a useful tool to modify the defect morphology in a controllable manner and to tailor the physical properties of defective graphene as well as rGO. 47 The existence of these defects and their interconversion provide a solution to enhance the TM NP-support interaction and to tune the reactivity of the fabricated composites. As recent TEM experiments identified the presence of various types of defects in rGO including point defects, 46 and further IR, Raman and temperature programmed desorption (TPD)
and theoretical results verified that on the final TM-rGO composites most of the oxygen containing groups and surface contaminations on rGO were removed chemically to a large extent during the reduction, the activation of the composites or the thermal treatments, 49-51 pristine graphene (PG), single vacancy (SV), double vacancy (DV) and several haeckelite structures, namely 5577, 555777 and 55556777 defects ( Fig. 1) , were selected as the typical local structures to mimic the electronic basic of the rGO support. The calculated stability of these defects follows the order of 555777 > 555567777 > DV > 5577, while that of SV is similar to DV. The high energies (typically at the level of 10 eV) required for the conversion among them suggest that these defects would be stable in conventional reaction environments. There are sharp spikes within 0.5 eV from the Fermi level on the DOS curves of all these defects (Fig. 1g) . The charge densities of these states were extracted (Fig. 1b-f ) which further prove that these spikes are the defect states localized on the carbon atoms at the defect sites. As the other defects must be derived from SV whose stability is similar to that of DV, SV is typical for analyze the rGO-TM interaction. Previously, these defects were studied in CNT systems, where the changes in electron transport and electronic properties were discussed. Defects like these have also been predicted to alter the electronic properties of graphene and modify the chemical reactivity toward
adsorbates. [52] [53] [54] [55] In this sense, these defects would provide reactive anchoring points to bind strongly with TM NPs and the interfacial interactions will further tune the electronic structure of the formed composites.
Ru and Ru alloy NPs deposited on carbon materials have drawn considerable attention for their outstanding catalytic performance. Ru NPs supported on active carbon showed high catalytic activity in hydrogenation of lactic acid, arene and ketone, and hydrolysis of NaBH 4 . [56] [57] [58] Ru NPs embedded in ordered mesoporous carbon material also demonstrated a higher activity in FischerTropsch synthesis, 59 hydrogenation of glucose, 60 and partial hydrogenation of dinitrobenzene into nitroanilines, 58 Finely dispersed Ru NPs on rGO also show superior catalytic performance in hydrogenation of arenes and ketone as compared with those deposed on mesoporous carbon. [61] [62] To address the superior catalytic performance of these finely dispersed Ru NPs and especially the Ru NPs deposited on rGO. We systematically investigated the electronic structure of Ru NPs supported on various local structures on rGO. (Fig. 2) We showed that Ru NPs prefer to nucleate at these localized defect structures on rGO, which act as strong trapping sites for Ru NPs. The binding of Ru NPs to rGO, which is dependent on these local defect structures and correlates with the interfacial charge transfer, determines the electronic structure and reactivity of the composites. It is worth of noting that, accompanying the formation of Ru-C bonds, the interfacial C atoms are also displaced out of the graphene plane by 1.37 Å and the degree of this displacement decreases gradually (Fig. 3) . A local curvature can be introduced to monitor this distortion, where the Ru NP is located at the convex surface of the curved graphene. Curvature on graphene nanoribbon are known able to differentiate the reactivity of graphene, and the larger the curvature, the higher the reactivity. 44 The correlation between the out-of-plane displacement of C atoms and the total energy of the co-adsorption system on SV is well illustrated in Fig. 3 .
According to the difference in total energy, the diffusion of the Ru atom to the Ru NP at the vacancy site is thermodynamically preferred, but the reverse process is not. As the Ru atomic diffusion goes through a similar transition state on PG and SV, according to the Brønsted-Evans-Polanyi (BEP) correlation between the diffusion barrier and the binding energy of the products, the diffusion barrier will increase with the binding energy. 63 In Fig. 3b , the gain in total energy due to the local curvature around the vacant site is ~3.5 eV, which implies that the diffusion barrier of Ru atoms will also increase accordingly. Therefore, the diffusion of Ru atoms will be slowed down around the deposited Ru particles and the trapped Ru atoms will finally merge into the Ru NP at SV. In this sense, the Ru atomic diffusion from the vacancy site is also a kinetically inhibited process. According to Fig. 3 , one can roughly consider the SV on the graphene substrate as a potential well on the energy surface for Ru diffusion (Fig. 3b) . When a Ru atom reaches the well, it will be trapped as a part of the particle and can no longer move away. Thus, the particle growth by an Ostwald ripening mechanism will be prohibited by the Ru nanoparticle-rGO substrate interaction, and the defective sites would be more effective to stabilize the Ru NPs. Both the vacancy defects and the formed interfacial structure contribute to this special property of the Ru NP/rGO composites. 22 Catalytic hydrogenation is undoubtedly the best-recognized and most commonly applied method of reduction of unsaturated compounds and has been a basic step in the synthesis of many organic chemicals. The hydrogenation of arene is of particular importance in the petroleum industry and for environmental protection. 64 As the simplest aromatic compound, benzene is often used as a model system for the hydrogenation of arenes. 65 We investigated the impact of carbon substrate-Ru nanoparticle interaction on the benzene and hydrogen adsorption that is directly related to the performance of catalytic hydrogenation of benzene. 22 The stability of the Ru NP is enhanced on the rGO substrate due to the hybridization between the dsp states of the Ru NP with the sp 2 dangling bonds at the defect sites. The strong interfacial interaction results in the shift of the averaged d-band center of the deposited Ru nanoparticle, from -1.41 eV for a freestanding Ru NP, to -1.17 eV for the Ru/Graphene composites, and to -1.54 eV on MCF-C.
Accordingly, the adsorption energies of benzene are increased from -2.53 eV for the Ru/MCF-C composites, to -2.62 eV on a freestanding Ru NP, to -2.74 eV on the Ru/rGO composites. (Fig.   4a ) A similar change in hydrogen adsorption is also observed, and all these can be correlated to the shift of the d-band center of the NP. Thus, Ru NP/rGO composites are expected to exhibit both high stability and superior catalytic performance in hydrogenation of arenes as compared with the Ru/MCF composites. Further studies are necessary to fabricate and direct test the catalytic activity of the Ru/graphene composites to determine whether there is a volcano-type relationship between benzene hydrogenation activity and adsorption energy. Based on the predicted outstanding catalytic performance of Ru/rGO composites, we investigated the hydrogenation of toluene and benzene on them combining experimental and theoretical efforts. We have developed a simple method to prepare fine-and well-dispersed Ru
NPs on rGO to verify the theoretical findings. We used ethylene glycol(EG) for the co-reduction of both EO from revised Hummer's method and ruthenium chloride hydrate for fabrication of Ru/rGO. We also attempted to use PG, which was prepared from Ni foam by using a CVD method 66 as a support material for the deposition of Ru NPs, but found under identical preparation conditions, the Ru NPs only formed in solution rather than on the PG surface, as determined by TEM characterization. Elemental analysis confirmed that the content of Ru that was deposited onto PG was negligible (<0.1 %). These results are in accord with the prediction that PG is not suitable for supporting metal NPs owing to its high chemical stability. The temperature-programmed desorption (TPD) results showed that the desorption temperature of toluene from Ru/rGO was about 80 o C higher than that from Ru/MCF-C (Fig. 4d) , thus confirming the calculations described enhanced reactivity of Ru/rGO. According to the BEP relationship, 63 the Ru/rGO catalyst would show a lower reaction barrier and, thus, higher activity for the hydrogenation of toluene. When used as a catalyst for arene-hydrogenation reactions, the obtained Ru/rGO composite exhibited excellent catalytic activity, with a performance that exceeded that of Ru NPs with comparable sizes but supported on amorphous carbon materials as rendered by the TOF for benzene and toluene hydrogenation as 3.8 and 2.6 × 10 4 h -1 , respectively. Furthermore, the change in size and morphology distribution of Ru NPs after 6 runs ( Fig. 4e and f) 
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We investigated the impact of graphene substrate-Pd nanoparticle interaction on the O, OH, and OOH adsorption on Pd/graphene nanocomposites that is directly related to the electrocatalytic performance of these composites in oxygen reduction reaction. 24 The calculated binding energy of a Pd NP on a SV is as high as −6.10 eV, owing to the hybridization between Previously, the adsorption of O-containing species has been shown to be proportional with the adsorption of O. 76 We used adsorption of O atom as a probe and took MPd 12 (M = Fe, Co, Ni, Cu, Zn) NPs as model catalysts to investigate the joint effect of both rGO substrate and alloying on the catalytic performance of these composites in ORR. the We found that the alloying effect can enhance the stability of Pd NPs, and the reactivity of free-standing NPs is already comparable to that of Pt(111). Both the interfacial interaction and the alloying effect contribute to the additional stability of the nanocomposites, tune the averaged d-band center of the deposited TM NPs, and strongly interfere the adsorption of O. The calculated adsorption energy of O on these composites correlated well with the shift of the average d-band center of these NPs. As the adsorption of these O-containing species is weakened on these composites, the ORR kinetics hindered by strong adsorption of these species will also be promoted. These composites are thus expected to exhibit both high stability and superior catalytic performance in oxygen reduction reaction. 77 Fabrication of a suitable catalysts for a specific chemical process, with desired catalytic activity, selectivity and stability, is one of the key challenges in today's catalysis research. We are trying to understand the intriguing catalytic performance of TM-rGO composites from various aspects. There are many factors that influence the catalytic performance of these composites, such as the electronic structure of the graphitic support, the atomic structure and interaction at the graphene -metal interface, the alloying effect and the morphology of the TM NPs, and etc, some of which have been addressed but most remain unknown. There are tremendous opportunities ahead for both the design and fabrication of novel and efficient TMrGO composite catalysts and their potential applications in energy and environmental related fields. The research on the TM-rGO composites will continue thrilling over coming decades.
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